erosional processes of the Alps (Roeder and Bachmann 1996) . These Tertiary sediments are underlain by a Mesozoic sedimentary succession, including the Upper Jurassic aquifer (Malm) (Birner et al. 2011 , which is today intensively used for geothermal energy production, and a crystalline crust of Paleozoic age (Lemcke 1973; Freudenberger and Schwerd 1996; Schmid et al. 2004a, b; Berge and Veal 2005; Schmid et al. 2008) . Roughly said, the adjoining Alps consist of nappes stacked due to the collision and subduction processes in the Mediterranean area during Late Cretaceous to Cenozoic times (Schmid et al. 2004a, b; Handy and Rosenberg 2011) . These calcareous nappes are punctuated by crystalline domes uplifted during the long time of tectonic activity, which are today outcropping in tectonic windows in the Alps (Tauern, Engadine and Rechnitz windows, Brückl 2011) . Caused by tectonic processes related to the continental collision of Europe and Africa, large-scale fault zones occur in the Molasse Basin and the Alps (Schmid et al. 2004a, b) . Such fault zones might have a significant local influence on the present-day thermal field since they may act as pathways for fluid flow and could enhance fluid flow related cooling. For a more detailed description of the structural and tectonic architecture of the Alpine collision zone and the Molasse Basin, we refer to Freudenberger and Schwerd (1996) , Schmid et al. (2004a, b) , Thomas et al. (2006) and Brückl et al. (2010) .
Geothermal field of the Molasse Basin
The North Alpine Foreland Basin and its underlying sediments have been explored for hydrocarbons since the beginning of the 20th century (Sachsenhofer et al. 2006 ) and subsequently for geothermal energy since the 1960s (Bachmann et al. 1982) . While the relevance of geothermal energy production in the European Molasse Basin has increased steadily during the past decades (Roeder and Bachmann 1996; Kempf et al. 1999; Berge and Veal 2005; Jodocy and Stober 2009; Pamer and Diepolder 2010; Böhm et al. 2011; Reischenbacher and Sachsenhofer 2011; Birner et al. 2012; Cacace et al. 2013; GeoMol Team 2015) its significance as a provider of fossil fuels has decreased (Pasternak 2015) . Today, the Tertiary aquifers in the European Molasse Basin and the underlying Mesozoic units are intensively used for shallow as well as for deep geothermal energy production and contribute to the provision of so-called "green energy". Unfortunately, the production rates and the potential extraction temperature may vary significantly regionally as well as locally even in a single hydraulically conductive layer, phenomena that are poorly understood. Such a case occurs in the south-eastern proximity of the city of Munich (Germany) in the Molasse Basin, where the temperature of the geothermal fluid decreases rapidly laterally within a few kilometres by 40-50 K (StMWIT 2010) in the Malm aquifer. Even though huge amount of data exist for the European Molasse Basin obtained from different studies, the described strong local temperature decrease cannot be explained based on the present-day knowledge. The most decisive factors are the irregular data coverage in the basin area and the possibly deep-rooted and threedimensional character of the causative processes. In areas of the Molasse Basin, where increased groundwater temperatures have been found in the past, exploration effort has been increased yielding more data. In contrast, where the extracted temperatures have been disappointing, exploration efforts have been reduced resulting in a lack of further data. Even where the amount of data is large, the lateral variations in temperatures are not always understood. Significant processes of heat transport can act on a basin-wide scale and can be influenced by neighbouring and local structures, such as the Alpine mountain chain and large fault zones, and thus have to be regarded in 3D. Until today, several studies have been conducted using different approaches addressing the temperature distribution in the Molasse Basin (numerical modelling approach: Rühaak et al. 2010 , interpolation approach: Agemar et al. 2014a or the European Alps (Vosteen 2003; Ebbing 2004; Ebbing et al. 2006) . However, studies regarding both the basin and the mountain chain as an interdependent system are either two-dimensional, of local scale, or have an insufficient resolution of geological structures and tectonic elements to reproduce the local to regional temperature variations. Accordingly, it remains open which heat transport processes are acting on a regional scale.
Modelling approach
To address the problem of vertical resolution and horizontal coverage, we use the databased lithospheric-scale 3D structural model of the European Molasse Basin of Przybycin et al. (2015) to calculate the 3D conductive thermal field. The model covers the whole German part of the Molasse Basin, as well as the Northern Calcareous Alps, the Central Eastern Alps and the Tauern Body to the south and the South German Scarpland to the north. This model resolves the basin configuration with a higher resolution than previously published for such regional extent. Moreover, the model integrates all freely available depth and thickness information (wells, seismic lines) as well as faults as interpolation barriers and has been additionally constrained by 3D gravity modelling. With our study we assess whether the measured temperatures at depth in the basin can be reproduced with a purely conductive approach, assuming that the temperature distribution over the largest parts of the model area is mostly controlled by the structural setting and the related variations in thermal properties. In consequence, for areas where the temperature field cannot be reproduced assuming purely conductive heat transport, an additional influence of heat transport related to fluid flow on the thermal field is likely, especially when taking into account large fault zones permeable for fluid flow in the basin area.
Earlier studies
As mentioned, earlier studies have dealt with the temperature field of the Molasse Basin before. Rühaak (2009) and Rühaak et al. (2010) present a temperature distribution calculated for the western Molasse Basin based on a 3D quasi steady-state conductive thermal model. They quote, that the temperature distribution in the upper crystalline crust is dominated by conductive heat transport and indicate that the thermal field in the sediments is controlled by advection and groundwater flow. They further conclude that the strong thermal anomalies in the Molasse Basin may be explained by E-W striking faults intersecting aquifers and being characterized by fault parallel fluid flow. However, the model of Rühaak (2009) and Rühaak et al. (2010) was structurally based only on well information due to the lack of other data and assumed a constant basal heat flow at a fixed depth as lower thermal boundary condition. In contrast, the structural model used here integrates multidisciplinary depth and thickness information (wells, seismic lines, gravity). Moreover, we attempt to consider variations of basal heat flow in response to lithospheric heterogeneity. Instead of using a constant heat flux at a constant (shallow) depth, we use a physically motivated lower thermal boundary condition, in which we assume the thermal Lithosphere-Asthenosphere Boundary to represent the 1300 °C-isotherm, which may vary in depth across the model area. However, in conformance with Rühaak (2009) and Rühaak (2010) , heat transport related to fluid flow is not considered in this study. Considering advective and convective heat transport in the calculation would require a much higher horizontal and vertical resolution of the model than the one chosen for this study and thus much more information about the hydrogeological structure and property distribution, which was not accessible for this study. Though, the provided conductive part of the thermal field of the Molasse Basin area may be used as starting point for further coupled fluid and heat transport simulations to understand the origin of the distinct positive and negative thermal anomalies in the basin area.
One other project investigating the deep temperature distribution in the European Molasse Basin is the project GeotIS (Geothermal Information System; Schulz et al. 2009; Agemar et al. 2012 Agemar et al. , 2014a conducted by the Leibniz Institute for Applied Geophysics (LIAG) in Germany. This internet-based geothermal information system provides information about deep aquifers and geothermal productions sites in geothermally active areas of Germany. The data cover parts of the North German Basin, the Upper Rhine Valley and the South German Molasse Basin including more than 30,000 wells from industry and academia. GeotIS serves as a fundament for feasibility studies conducted by the geothermal industry (Schulz et al. 2009 ) by providing geoscientific base information in terms of depth maps of geothermally relevant aquifers, hydraulicand temperature data and is updated constantly with newly acquired information.
Based on measured data a 3D temperature model of Germany has been published for the European Molasse Basin by Agemar et al. (2014b) , in which single temperature measurements have been interpolated in three dimensions. Using bottom hole temperature measurements and/or temperature data from drillstem tests these interpolations were done using 3D kriging interpolation. From the resulting model temperature information may be extracted for different depths down to 5000 m below sea level, whereby the reliability and spatial coverage of the measurements decrease with depth due to the decreasing data density and increasing measuring uncertainties. Even though this model does not consider heterogeneities in subsurface properties or heat transport processes, it provides the most actual up-to-date map of the present-day deep thermal configuration of the basin. However, the 3D interpolation results may be improved in future by taking into account different quality classes of temperature measurements, an approach tested by Rühaak (2015) who used the temperature database of the Leibniz Institute of Applied Geophysics (LIAG) to assess the temperature distribution in the German Molasse Basin with weighted 3D temperature interpolations.
Since original data from temperature measurements performed by the oil and gas industry are partly confidential and thus not accessible, the thermal model of GeotIS was used as the target temperature configuration to compare modelled temperatures for the shallow part of the basin down to a depth of 4000 m bsl. Furthermore, we compared our calculated temperatures to published values of temperature measurements from 24 geothermal production sites in Southern Germany (Table 1 ).
The lithospheric-scale 3D structural model
The structural model our calculations are based on is the lithospheric-scale 3D structural model of Przybycin et al. (2015, Fig. 2) , which is based on 2D maps (Freudenberger and Schwerd 1996; StMVIT 2010) , on the 3D structural models of Baden-Württemberg (Rupf and Nitsch 2008) and Munich , and several deep seismic profiles [TRANSALP (e.g. Gebrande and the TRANSALP working group 2001), CELE-BRATION (e.g. Hrubcová et al. 2002) , ALP2002 (e.g. Brückl et al. 2010) , ALPASS (e.g. Mitterbauer et al. 2011)] . Thus, the model resolves six lithostratigraphic units in the sedimentary part of the basin [the Nördlinger Ries Impact structure, the Folded Molasse as well as the Foreland Molasse Sediments, the Cretaceous, the Upper Jurassic (Malm), the Middle and Lower Jurassic and Triassic sediments summarized in one unit called the PreMalm Sediments] and two units in the Alps (the Alpine Body and the Tauern Body). Below this sedimentary part, the structural model consists of a two-parted crust (upper and lower crystalline crust) bending towards the south and a lithospheric mantle. The bending of the crystalline crust, and with it the wedge shape of the basin, was caused by the continental collision and the rise of Alps. This wedge shape of the basin causes a non-uniform distribution of the thicknesses of the Tertiary Molasse Sediments (Figs. 3, 4) . Accordingly, the sediments of the Foreland Molasse (Fig. 3c ) increase in their thickness from 0 m in the north to up to 5 km in the south. The Foreland Molasse Sediments are separated from the Alps by the Folded Molasse Sediments (Fig. 3b) , which are strongly internally deformed and party overridden by the Alps. These sediments show apparent thicknesses of up to 7 km in a thin belt in front of the Alps. Underlying the Molasse Sediments, the Cretaceous ( Fig. 3d ) is only preserved in a restricted domain with thicknesses of up to 850 m with small outcropping areas of low thickness at the western rim of the Bohemian Massif. Below the Cretaceous, the Upper Jurassic (Malm, Fig. 3e ) shows reduced thicknesses in the outcropping domain in the north which increase southwards to up to 650 m directly in front of the orogen. The Malm is partly eroded above the uplifted crust of the Landshut-Neuöttinger High (LNH). Apart from the Malm, all Jurassic and Triassic sediments have been summarized in one unit, the PreMalm Mesozoic Sediments (Fig. 3f ) , which show highest thickness values (up to 1500 m) in the Franconian Basin.
At the northern rim of the Molasse Basin, the Nördlinger Ries ( Fig. 3a) , an impact structure 14.6 Ma in age (Jankowski 1977 ) with a diameter of ~23 km, cuts through all units down to the crust with a maximum thickness of up to 600 m.
Since the structural model of Przybycin et al. (2015) focuses on the Molasse Basin and considers the Alps only as first-order structure, all deformed sedimentary units in the Alpine area have been summarized into one model unit, the Alpine Body (Fig. 4a) , with average thermal properties ( Table 2 ). This Alpine Body shows thicknesses of up to 30 km at the southern model boundary and is disrupted by the Tauern Body (Fig. 4b ), which in turn shows thickness values of up to 30 km as well. The Tauern Body comprises all nonsedimentary units occurring within this crystalline core. We admit that summarizing all lithological units occurring in the Alpine area into two units, the Alpine Body and the Tauern Body, is a strong simplification of the geological situation of the Alps. This was done because of two reasons: The first reason is the general goal of this study. With this study we wanted to investigate the first-order interdependence of the Alpine area with the Molasse Basin related to the long-wavelength thermal field. Resolving the geological structure in the Alps better would surely introduce local thermal effects in the thermal field in the Alps. However, the long wavelength thermal field and the temperature distribution in the Molasse Basin would not be significantly changed. The second reason for the strong simplification is the non-uniform distribution of geological information in the Alps, especially for deeper parts, which renders a three-dimensional representation of the Alpine area with high resolution mostly challenging. To assess the influence of this simplification the different lithologies considered in the units Alpine Body and Tauern Body are summarized in Table 2 . Moreover a range of values for these thermal properties was tested.
The base of the crystalline crust in the model has been defined by integrating the Moho depth of Grad et al. (2009) . There resulting crystalline crustal layer is split into Fig. 3 Thickness maps a-f of the sedimentary units resolved in the 3D structural model (modified after Przybycin et al. 2015) an upper and a lower part. The depth of the upper crust-lower crust interface has been calculated using isostatic principles as well as 3D gravity modelling and is partly constrained by a deep seismic profile (Przybycin et al. 2015) . Accordingly, the two crystalline crustal layers (Fig. 4c, d ) show opposed thickness distributions with a thick lower crystalline crust below the Alps, an intermediately thick lower crystalline crust below the basin and the Bohemian Massif and a thin lower crystalline crust in the north and west of the model area (vice versa for the upper crystalline crust). Gravity modelling and seismic data indicate that the seismic velocities and the densities of the upper crust correspond to an acidic (granitic to granodioritic) composition whereas the lower crust is of mafic composition (gabbro). Furthermore, a seismologically derived LithosphereAsthenosphere Boundary (Fig. 5 ) has been implemented integrating results of Tesauro (2009 ), Geissler et al. (2010 , Karousova et al. (2013) , Seiberlich et al. (2013) and Bianchi et al. (2014) . The LAB is deepest (up to 150 km bsl) below the Alps, moderately deep (~130 km bsl) below the Bohemian Massif and the Molasse Basin and rises below the Eifel plume (~80 km bsl) in the northwest. For our calculation of the thermal field we have adopted this structural model as described, to calculate the regional impact of the different lithostratigraphic units as first-order structures on the temperature field.
Method
Conductive heat transport is based on the theory of energy transfer (in this case thermal energy) by diffusion due to a temperature gradient within a body with the goal to reach thermodynamic equilibration. The base of the domain influenced by conductive heat transport is represented by the thermal Lithosphere-Asthenosphere Boundary (LAB), which is defined as the 1300 °C-isotherm. Depending on the depth of the LAB, an average geothermal gradient evolves in the lithosphere along which heat is transported to the surface. In areas where the LAB is shallower than average, a steeper thermal gradient evolves, and vice versa. In areas with steeper geothermal gradients heat is transported more efficiently towards the surface, thus causing positive thermal anomalies in shallow sedimentary successions, which are targets for geothermal projects. Additionally, the geothermal gradient is influenced by material specific parameters, as the thermal conductivity and the radiogenic heat production.
To calculate the present-day thermal field of the Molasse Basin area the conductive heat equation for steady-state conditions (Eq. 1) has been solved using a 3D finite element method (Scheck and Bayer 1999; Scheck et al. 2003) with λ as the thermal conductivity, T as the temperature and S as the radiogenic heat production.
(1) 0 = div gradT + S Fig. 5 Depth of the Lithosphere-Asthenosphere Boundary used for this study (modified after Przybycin et al. 2015) as the lower thermal boundary for the calculation of the 3D thermal field, to which an isothermal temperature of 1300 °C is assigned Thermal conductivity is defined as the heat flow across a specific cross-section and along a specific distance for a defined temperature decrease in a defined time (Clauser 2011a) . In a material with higher thermal conductivity (e.g. crustal material) heat is transported more efficiently than in a material with lower thermal conductivity (e.g. sediments). Thus, in areas where crustal material lies shallower, but is covered by insulating sediments, higher temperatures can be expected at shallower depths than in areas with deeper lying crustal material. Vice versa, where crustal material is exposed, heat can escape the system more efficiently than in areas where crustal material is covered by sediments. Hence, lower temperatures can be expected in areas where crustal material is outcropping than in areas where crustal material is covered. Even though anisotropic conditions are not deniable even within single sedimentary layers of the Molasse Basin, we have considered all units of the model as isotropic in our calculations due to a lack of data and admit that this is a limitation of our model.
The radiogenic heat production represents the amount of thermal energy set free by the decay of radiogenic isotopes in a defined volume in a defined timespan (Clauser 2011b ) and thus has to be considered as an additional heat source in the calculation. Since more additional heat is generated in the silicic upper crystalline crust because of radioactive decay than in mafic lower crystalline crust or sediments, more additional heat is introduced into the system by crystalline material of acidic composition than by mafic material and sediments. This leads to higher temperatures in areas with thicker acidic upper crystalline crust than in areas where the upper crust is thin.
Like the thermal conductivity, the radiogenic heat production is a specific material characteristic depending on the material composition and can vary significantly for different lithologies.
For the calculation of the thermal field of the basin, all lithostratigraphic units of the model have been characterized with average values for the thermal conductivity and the radiogenic heat production according to their lithological composition (Table 2) . Where available, measured values of the respective properties have been favoured, like for the sediments (Ernstson and Pohl 1977; Landolt-Börnstein 1982; Freudenberger and Schwerd 1996; Ebbing 2002; Allen and Allen 2005; Koch et al. 2009; Marotta and Splendore 2014) . For deeper parts, where no measured values were available, average published values have been chosen for the assumed lithology.
Furthermore, the calculation of the thermal field not only depends on the heat conduction and the radiogenic heat production, but also on the chosen thermal boundary conditions. For our calculation we used a 1st kind upper boundary condition (Dirichlet) by assigning a variable mean surface temperature to the top surface of the model (topography) based on averaged measured surface temperature values between 1961 and 1990 (DWD 2013 InMeteo 2013; HISTALP 2013, Fig. 6 ). Besides, a 1st kind lower boundary condition (Dirichlet) was assigned to the thermal LAB with a constant value of 1300 °C (Fig. 5) .
To evaluate the influence of the assigned values for thermal conductivity and radiogenic heat production of each lithostratigraphic layer on the resulting thermal field, a sensitivity study has been carried out. Thus, a reasonable range of plausible values has been tested.
Results

The present-day 3D thermal field
In the calculated 3D temperature distribution (Fig. 7) , the temperature increases nonuniformly with depth over the whole model area and several general thermal effects are evident (Figs. 7, 8, 9) .
The LAB as the 1300 °C isotherm lies shallower in the north and northwest than in the south of the model with a smooth transition in between (Fig. 7) . Accordingly, the geothermal gradient is much steeper in areas of a shallower LAB (northern and northwestern part of the model area towards the Eifel plume) than in areas of a deep LAB (Alps). This effect results in vertically closer-spaced isotherms in the north than in the south (Fig. 7) . Furthermore, the isotherms in the lithospheric mantle are bent upwards in the northwestern corner and flat in the northern and northeastern model part, whereas they are bent downwards in the central part of the model below the basin. In the area of the Alps, where the modelled LAB is deepest in our model, the isotherms are curved upwards in the mantle.
In most parts of the model the isotherms are flat in the crystalline crust, illustrating a continuous decrease of temperature towards the surface. In contrast, the isotherms are bent upwards in the crystalline crust below the basin and even stronger below the Alps. At the transition between the crystalline crust and the sediments, the shape of the isotherms changes in the domain of the Tauern Body. There, the upward-curved isotherms in the mantle and the crystalline crust flatten and even turn into a downward-curved shape when entering the Tauern Body (Fig. 7a) . The isotherms flatten again when entering the sediments of the Alpine Body. Accordingly, cooler temperatures are predicted in the Tauern Body than in the Alpine Body at shallow depth.
The upwards curved isotherms in the mantle and crust flatten when entering the Mesozoic sediments below the Molasse Basin (Fig. 7b) . This results in higher temperatures in the Mesozoic sediments under and in the Molasse Basin than in the northern parts of the model, where no insulating sediments are covering the crystalline crust.
At all depths within the sedimentary part (Figs. 8a-f, 9a, b) a colder part in the north and a warmer part in the south are predicted with distinct short-wavelength temperature variations. These anomalies are in close correlation with topographic highs and can be traced in the temperature distribution at all depths in the sedimentary part.
To illustrate how the calculated temperatures change non-uniformly with depth, Figs. 8 and 9 presents different temperature-depths maps.
At a depth of 1000 m bsl (Fig. 8a ) the colder part in the north shows temperatures between 25 and 50 °C, while the warmer part in the south shows temperatures of up to 105 °C. The outer frame of the Molasse Basin and the outcropping Mesozoic sediments can be clearly recognized in the temperature distribution. Within the basin, temperatures between 50 and 70 °C are predicted with a general trend of southwards increasing temperatures. A minor negative temperature anomaly with a difference in temperature of 5-10 K is predicted south of Munich (city marked with a red star) and a short-wavelength positive anomaly is modelled in the southwestern corner of Bavaria.
The binary division of the thermal signature of the basin is also present in the temperature distribution at 2000 m bsl (Fig. 8b) , where calculated temperatures vary between 60 and 96 °C. Likewise, both the colder northern part of the model as well as the Alpine area are still distinct with up to 60 and 130 °C, respectively. A positive thermal anomaly at 2000 m bsl depth is predicted in the western part of the Molasse Basin with At a depth of 3000 m bsl (Fig. 8c) temperatures between 130 and 100 °C are calculated for the basin area. The temperatures in the Alpine area increase to up to 155 °C, while the northern part of the model area shows temperatures of up to 90 °C with slightly warmer temperatures in the northwestern corner of the model area towards the Eifel plume.Within the basin, the positive temperature anomaly in the western part attains up to 125 °C. Likewise, the thermal anomaly in the Austrian part increases to 125 °C. Furthermore, a third positive temperature anomaly is visible in the south of the city of Munich with temperatures comparable to the ones of the thermal anomaly in the west of the basin. Between these positive thermal anomalies, an area of colder temperatures is evident southeast of Munich with a temperature difference of up to 20 K with respect to the neighbouring positive thermal anomalies.
At 4000 m depth bsl (Fig. 8d ) the temperature predicted in the basin ranges between 115 and 160 °C, while the temperatures in the northern model area reach up to 115 °C. In the Alpine area, modelled temperatures are significantly higher and may reach up to 185 °C. The positive thermal anomaly in the western basin as well as the anomaly in At the depth of 5000 m bsl (Fig. 8e) , the temperatures increase to up to 125 °C in the northern model part and to 210 °C in the Alpine area. For the basin area temperatures between 130 and 180 °C are predicted with some local anomalies of higher temperature. The temperatures characterizing these positive thermal anomalies in the basin increase to up to 185 °C, while the anomaly south of Munich and the one on the eastern border of the German Molasse Basin connect to form a narrow high-temperature bridge. The negative thermal anomaly in the southeast of Munich is far less pronounced than at shallow levels.
At 6000 m bsl (Fig. 8f ) the temperatures in the northern model part and towards the Eifel plume increase to 150 °C. In the Alpine area temperatures of up to 235 °C are predicted.
The frame of the Molasse Basin can still be recognized clearly in the temperature distribution even at this depth. The basin shows temperatures between 150 and 210 °C. The individual positive thermal anomalies distinct at shallower depths form a realm of higher temperatures at this level (up to 210 °C) in the south of Munich.
At depths below 6000 m bsl (Fig. 9a, b) , the pattern of temperature distribution is more smooth than at shallower levels though the contour of the Molasse Basin in the temperature distribution is still visible. In the area of the Molasse Basin the temperature distribution shows a continuous increase from north to south towards the Alps.
At all depths a distinct temperature effect of short wavelength is predicted for the Alpine area. In this domain, the strongly varying surface temperature propagates downward causing higher temperatures in topographically high areas in the Alps. However, this effect decreases with depth and is barely visible below 6000 m bsl. Noticeable are significantly lower temperatures in the Tauern Body than in the Alpine Body at all depths. This effect is more pronounced in the deeper parts: The temperature difference between the Tauern Body and the Alpine Body rises to up to 80 K at a depth of 10,000 m bsl.
In case a geothermal power plant shall be used not only for heating, but as well for electric power production, a temperature threshold value of 100 °C should not be undercut as reservoir temperature (Agemar et al. 2012 ). Looking at the depth of the 100 °C isotherm predicted by the model (Fig. 9c) , again a binary pattern is visible: In the northern part, the depth of the isotherm ranges between 4800 and 3800 m bsl. At the northern edge of the Molasse Basin the modelled depth of the 100 °C isotherm decreases from 3800 m bsl at the edge of the basin to 2200 m bsl in the central part. Southward, the 100 °C isotherms lies nearly flat at a depth of ~2100 m bsl. Below the Alps the isotherm rises to a depth of up to 800 m bsl (but still with >3000 m below topography) with a strongly irregular course. However, the largest depth values of the 100 °C isotherm in the Alps can be found in the area of the Tauern Body with up to 3200 m bsl.
Another prominent isotherm is the 460 °C isotherm, around which, assuming an average increase of pressure with depth, the brittle-ductile transition zone of crystalline crustal material is assumed (Ranalli 1995) . Around this temperature, the rheological behaviour of mainly crystalline rocks changes from brittle to ductile and, therefore, the depth of this isotherm sets a threshold below which no earthquakes are expected (Dragoni 1993) . Thus, the depth of this transition zone in a specific area is strongly affected by the geothermal gradient: the steeper the gradient the shallower the transition zone (and vice versa). According to our calculation the 460 °C isotherm is at a depth of 16,500-25,500 m bsl in the Molasse Basin area (Fig. 9d) . This isotherm is deepest in the northeastern and western part of the model area with 25,500 m bsl and intermediate in the central model area with values around 23,000 m bsl. Towards the northwestern corner of the model area, in the direction of the Eifel plume (Seiberlich et al. 2013) , the 460 °C isotherm rises to up to 19,500 m bsl. From the northern edge of the Molasse Basin to the south the isotherm rises continuously to 20,000 m bsl depth at the margin of the Alps. Lowest depth values of this isotherm (up to 16,500 m bsl) are predicted for the area of the Alps, whereby the isotherm is deepest within the Tauern Body. Unlike the 100 °C isotherm, the depth of the 460 °C isotherm shows no short-wavelength variations.
Sensitivity analysis with respect to thermal properties
To assess the influence of each model unit and the prescribed thermal properties on the predicted thermal field a sensitivity study was carried out within which different values for each property were assigned to the model layers (Table 2 ) and the thermal field was calculated. In Figs. 10 and 11 the predicted temperature distributions at a depth of 3000 m bsl are shown for the highest and the lowest values assigned, respectively, for the model units exerting the strongest influence on the temperature distribution. Figure 10a and b shows the influence of the thermal conductivity of the Alpine Body on the temperature distribution in the Molasse Basin. Assuming a low thermal conductivity of this model unit (Fig. 10a, 1 .6 W/mK) temperatures between 115 and 130 °C are predicted for the basin with three positive thermal anomalies (in the western part, south of Munich and at the eastern Bavarian border) with temperatures of up to 140 °C. Between the latter two positive thermal anomalies an area with average temperatures (125 °C) can be seen in the southeast of Munich. Assuming a significantly higher thermal conductivity for the Alpine Body (Fig. 10b, 2 .8 W/mK), lower temperatures by 10-15 K are predicted by the model for the positive thermal anomalies with no pronounced cooler area in the southeast of Munich.
Thermal conductivity
When decreasing the thermal conductivity of the Tauern Body to 2.3 W/mK (Fig. 10c ) higher temperatures in the area of the Tauern Body and the Alpine Body are predicted compared to the original model by ~20 K. The same temperature shift can be seen in the Molasse Basin, for which temperatures of up to 150 °C are predicted. Assuming a higher thermal conductivity of the Tauern Body (Fig. 10d, 3 .5 W/mK) the area of the Tauern Body shows lower temperatures than in the original model by ~10 K. In addition, the positive thermal anomalies in the Molasse Basin decrease in size and no significant negative thermal anomaly in the southeast of Munich can be seen. Thus, removing the contrast in thermal conductivity between the Alpine and the Tauern Body also causes the negative thermal anomaly southeast of Munich to disappear.
Decreasing the thermal conductivity of the upper crystalline crust in the model to 2.4 W/mK (Fig. 10e) , the temperature increases by 10 K in average in the northernand Fig. 10 Temperature distribution at a depth of 3000 m bsl predicted for different ranges of thermal properties as assessed in a sensitivity analysis. Maps a-f show the influence of the thermal conductivity of specific model units on the temperature distribution. A higher thermal conductivity of the Alpine Body leads to an average cooling of the model. A different heat conductivity of the Tauern Body mostly affects the Alpine area, while the Molasse Basin remains mostly unchanged. Increased thermal conductivity of the upper crystalline crust leads to higher temperatures in the Molasse Basin and the Alps, but lower temperatures in the central and northern parts of the model eastern model part where the upper crystalline crust is outcropping with a stronger variation compared to the original model (Fig. 8c) . In the basin a temperature change of ~5 K can be recognized compared to the original model.
Increasing the thermal conductivity of the upper crystalline crust to 3.8 W/mK (Fig. 10f ) decreases the average temperature in the outcropping areas of the upper crystalline crust in the north and east by ~10 K. The thermal anomalies in the Molasse Basin show no strong influence by the changes in thermal conductivity of the upper crystalline crustal layer compared to the original model.
As visible in Fig. 11a , b, decreasing (1.9 W/mK) and increasing (3.5 W/mK) the thermal conductivity of the lower crystalline crust have very little influence on the predicted thermal field. Maps c, d show the impact of the radiogenic heat production of the upper crystalline crust on the thermal field. Different thermal conductivities of the lower crystalline crust have only a minor influence (±5 K) on the temperature distribution in the whole model area. A lower radiogenic heat production of the upper crystalline crust leads to overall lower predicted temperatures in the whole model and vice versa
Radiogenic heat production
Decreasing the radiogenic heat production of the upper crystalline crust to 1.1 × 10 −6 W/m 3 (Fig. 11c) leads to an overall cooling of the system compared to the original model, especially in areas with a thick upper crystalline crust as in the northern and western model parts. Those areas show predicted temperatures lower by up to 25 K. The positive thermal anomalies in the Molasse Basin show decreased temperatures by 20 K. Further south in the Alps, where the thickness of the upper crystalline crust is smaller, the temperature difference amounts ~−10 K. Assuming an increased radiogenic heat production of the upper crystalline crust (3.1 × 10 −6 W/m 3 , Fig. 11d ) the model would predict temperatures higher by up to 25 K compared to the original model in the northern and eastern parts, where the upper crystalline crust is cropping out. For the positive thermal anomalies in the basin the model would predict temperatures 15 K higher than the original model, whereas the negative thermal anomaly in the southeast of Munich is less affected.
The sensitivity analysis has shown that the thermal conductivity of the Alpine Body as well as the thermal conductivity and the radiogenic heat production of the upper crystalline crust have the strongest impact on the basin-wide conductive thermal field. While the thermal conductivity of the Tauern Body shows a smaller influence on the temperature distribution in the Molasse Basin, the thermal conductivity of the lower crystalline crust has only a minor influence on the basin-wide thermal field. Both properties of the Molasse Sediments, the Upper Jurassic and the PreMalm Sediments, show no significant influence on the thermal field within the range of values tested (Table 2) and are, therefore, not further described.
Interpretation and discussion
Analysing the calculated 3D thermal field, different thermal effects can be recognized affecting the deep temperature distribution in the Molasse Basin area. Regional effects affecting the deeper part of the system and local effects having the strongest influence on the shallow thermal field can be distinguished.
Regional thermal effects
One regional effect is caused by the average geothermal gradient due to the depth of the thermal LAB. Where the LAB is shallower, as in the northern and northwestern model parts, the heat has to overcome a smaller distance to equilibrate between the two thermal boundaries (LAB: 1300 °C, surface: −11 to +12 °C) leading to an increased geothermal gradient than in areas with a deeper LAB (central model area). The switch of the bending direction of the isotherms in the mantle in the central model part from bend upwards (increasing geothermal gradient) to bend downwards (decreasing geothermal gradient) is thereby credited to the increasing depth of the LAB towards the south. Interestingly, the geothermal gradient is not smallest in the area of the Alps where the LAB is deepest, but higher than in the basin area. This is related to the compensating effect of crustal thickness. The crystalline crust and the Tauern Body produce radiogenic heat adding to the total heat budget and is thinner below the Alpine foreland than below and within the orogen.
A second regional effect can be connected to the radiogenic heat production in the crust, which is an additional heat source in the system and much higher in the upper crystalline crust than in the rest of the model layers. Since the absolute amount of produced heat is dependent on the crustal volume, the intensity of this effect is in close correlation to the thickness of the upper crystalline crust, which varies between 20 and 28 km thickness in the northern model part. In contrast, below the Alpine area and the Molasse Basin the upper crystalline crust is far thinner and may locally be only 6 km thick. The Tauern Body consists predominantly of upper crystalline material and thus also represents a domain with high radiogenic heat production. Accordingly, the heat budget within the Tauern Body is larger than that in the surrounding domain where the radiogenic upper crust is thinner (Fig. 4c) . This causes higher temperatures in the lower part of the Tauern Body compared to its neighbouring areas (Fig. 7b) . Therefore, in spite of a uniform depth of the thermal LAB, lateral variations in temperature evolve in the upper part of the lithospheric mantle and the lower part of the crust illustrated by upward-curved isotherms in Fig. 7b .
A third thermal effect affecting the thermal field on a regional scale is the contrast in the thermal conductivity between the highly conductive crystalline crust and the Tauern Body and the less conductive sediments. In areas where crystalline material is exposed to the surface, as in the Tauern Window (Schmid et al. 2004a) , heat can escape more efficiently than in areas covered by insulating sediments. This effect is known as chimney effect (Fig. 7b ) and can be observed as downward-bent isotherms inside the shallow Tauern Body and as lower shallow temperatures in the area of the Tauern Body compared to the surrounding area in the temperature maps (Fig. 8e, f ) .
Around the Tauern Window the deformed sediments of the Alpine Body cover the crystalline crust (Fig. 4a) . Consisting mostly of limestone, dolomite, marl and clay, the Alpine Body has a far smaller heat conductivity than the underlying crystalline crust and the crystalline Tauern Body. Thus, the heat generated in the crust and mantle is trapped by the low conductive sediments of the Alpine Body which causes heat storage in the sediments. This effect is known as blanketing effect (Fig. 7a) and is stronger where the sediments are thicker (as in the Alps and the basin) and weaker where sedimentary thickness is smaller (as in the north of the model). Such a blanketing effect can also be recognized in the fill of the Molasse Basin, where calcareous and clastic sediments overlie the crystalline crust. This thermal blanketing leads to increasing temperatures from north to south in the Molasse Basin (Figs. 8, 9 ) and correlates with the increasing thickness of Molasse Sediments from north to south (Fig. 3c) .
The chimney effect and thermal blanketing are thus results of heat refraction in response to contrasts in thermal conductivity. Such phenomena have already been described for other basins in different tectonic settings (Bayer et al. 1997; Allen and Allen 2005; Stephenson et al. 2009; Noack et al. 2010; Cherubini et al. 2014) and are laterally influencing each other. For the Alps and the Molasse Basin this implies that the heat coming from the asthenosphere together with the heat generated in the crystalline crust arrives at the base of the insulating sediments of the Alpine Body and the Molasse Basin, is stored within the sediments and causes higher temperatures within the latter. In areas where the heat is conducted directly to the surface, as within the Tauern Body, lower shallow temperatures evolve than in the surrounding areas. In summary, the binary division of the model area into a cooler northern part and a warmer southern part with a transition at the northern rim of the Molasse Basin is in close correlation with the distribution of sedimentary thicknesses (Figs. 3, 4 ), but additionally influenced by the thickness of the conductive crystalline crust and the amount of radiogenic heat created in its upper part.
In addition, topographic features may have an effect on local subsurface temperatures which has already been quoted by Kutasov (1999) and Noack et al. (2010) . In topographically high areas (e.g. summits of the Alps) the upper thermal boundary condition is prescribed at higher elevation than in topographically low areas (e.g. valleys of the Alps). This difference in elevation can reach up to 2 km. Accordingly, a temperature variation evolves in the upper few kilometres that correlates spatially with the topography. Even considering 3D heat transport such a topographic effect on the temperature distribution can be traced downwards to upper crustal levels, causing local short-wavelength temperature anomalies in the shallow thermal field. In the deeper crust the influence of topographic effects is lost and the depth to the thermal LAB dominates the evolving temperature pattern.
The superposition of all three described effects (topographic effect, blanketing effect and chimney effect) leads to a characteristic lateral temperature distribution in the Molasse Basin area with a stronger variation (Fig. 8, 9 ) than in the temperature maps created by 3D interpolation of measured values (Agemar et al. 2014b ). This is due to the implemented structural heterogeneity considered in the thermal model of this study compared to the interpolation between measured data points in the GeotIS project (Agemar et al. 2014b ) assuming a homogeneous and isotropic configuration of the subsurface. However, Agemar et al. (2012) recommend treating the deeper temperature estimates of the thermal model of GeotIS with extra care due to possible local effects on the temperature distribution caused by a heterogeneous distribution of thermal conductivities, which have not been regarded in the temperature interpolation.
Comparing with measured temperatures
Assuming heat conduction being the main heat transport mechanism in the Molasse Basin, the observed temperature pattern and the temperature values have been reproduced to a certain degree in this study. Compared to the results of the GeotIS project (Agemar et al. 2014b ) our model is too warm in the upper 5000 m bsl. Also, the temperatures predicted in our model are too warm if compared to published temperatures measured at 24 geothermal production sites. As illustrated in Fig. 6 , 12 sites are showing temperature differences in a range of ±10 K, a value as high as the standard deviation of bottom hole temperatures and temperature logs (Hermanrud et al. 1990; Förster 2001; Noack et al. 2010; Agemar et al. 2012 Agemar et al. , 2014a . At further 5 locations the model results show temperature difference of more than +10 K in the area of the described negative thermal anomaly southeast of Munich, which is less cold in the model than observed. In this area, an additional effect on the thermal field by heat transport related to fluid flow is considered likely (Birner 2013) . Such a phenomenon has already been assumed for the western Molasse Basin by Rühaak et al. (2010) , for a similar setting with a the deep carbonate aquifer in the Po Plain in Italy (Pasquale et al. 2013) , and for other structural settings as the North German Basin by Noack et al. (2010) and the Western Canada Sedimentary Basin (Majorowicz et al. 2014) .
For seven locations, the modelled temperatures are too cold compared to the measured values. One of these locations is Windischeschenbach, where the difference between modelled and observed temperature is largest (>65 K at 8638 m bsl). A possible reason for such a high temperature difference may lie in local heterogeneities of the radiogenic heat production and thermal conductivity in the crust, which are not resolved in our model or advective heat transport related to fluid flow, which is not considered in our approach.
In addition, the influences of large faults zones permeable for fluid are not considered in our approach. Such fault zones may act as pathways for fluid flow and enable convective heat transport in the basin. To investigate a potential influence of fluid flow related cooling on the thermal field of the Molasse Basin area a coupled transport of fluid and heat should be considered. However, a higher vertical and horizontal resolution than that used for this study and the implementation of faults into the model would be needed, which in turn would require an improved structural and (hydro)geological database.
Sensitivity
We admit that the limited model resolution and the assignment of homogenous parameters to the layers are likely to be a source of error in our approach. However, a sensitivity analysis (Figs. 10, 11) addressing the impact of different lithostratigraphic units and their, respectively, assigned thermal properties on the geothermal field has shown that the lithospheric-scale thermal field mostly depends on the depth of the LAB, the configuration of the crystalline crust and the thermal properties of the Alpine and Tauern Body as well as the thickness of the Molasse Sediments. Of these, especially the radiogenic heat production of the upper crystalline crust shows a large a priori uncertainty related to the assigned values for radiogenic heat production (Vosteen et al. 2006; Vilá et al. 2010) due to lacking measurements. Variations in the thermal properties of the Nördlinger Ries, the Folded Molasse Sediments, Cretaceous, the Upper Jurassic Malm and the PreMalm Sediments have shown only minor influences on the long-wavelength thermal field as these layers are of limited thickness and partly even discontinues. Nevertheless, a better representation of the real geological situation could be achieved by implementing varying thermal properties laterally and with depth within a model unit. Recent studies (Homuth et al. 2014 (Homuth et al. , 2015 on the nature and distribution of thermal properties of the Upper Jurassic could help reducing the uncertainties further. However, the findings for the long-wavelength thermal field of the Molasse Basin area and the thermal interdependence between the basin and the Alps are robust. Prescribing laterally varying thermal properties to the model units would lead to short-wavelength thermal effects and thus not change the regional pattern of temperature distribution significantly.
Prominent isotherms
Given the mentioned limitations, the results nevertheless indicate that assuming conductive heat transport as the first-order control for the thermal field is valid and give first-order estimates of deep temperature variations. According to the calculated depth of the 100 °C isotherm (Fig. 9c) , temperatures high enough for both geothermal heating and electric power production can be found at deeper levels in the north of the model area than in the south, due to the thickness distribution of the Molasse Sediments. Within the Molasse Basin this isotherm is at an average depth of 2000 m bsl with small lateral depth variations, a result that supports the suitability of this area for electrical power production.
The second prominent temperature level is the 460 °C isotherm, which marks the transition between brittle to ductile behaviour of granitic material and thus is a threshold value below which the probability of crustal rupture and associated earthquakes are strongly reduced. The larger depth of this isotherm in the northern part of the model compared to the southern part (Fig. 9d) implies a weaker rheology of the lithosphere at shallower depth below the Alps than below the northern part of the model area. This in turn is consistent with earlier results from thermo-mechanical models of Genser et al. (1996) and Okaya et al. (1996) . Moreover, higher temperatures at shallow depths below the Alps (compared to larger depths below the Molasse Basin) would explain the earthquake distribution described by Deichmann et al. (1999) , Willingshofer and Cloetingh (2003) and Singer et al. (2014) with deep earthquakes in the foreland and shallow earthquakes in the Alpine area. In fact, the deepest earthquakes shown by Singer et al. (2014) correlate well with the depth of the 460 °C isotherm predicted by the conductive calculations of this study.
Conclusions
Assuming conductive heat transport to be the dominate processes, the lithosphericscale 3D thermal field of the Molasse Basin area has been calculated. In the predicted temperature distribution different superposed thermal effects can be recognized, which show an interdependence between the Alps and the foreland basin with respect to the regional thermal field.
Our results indicate that the temperature distribution in the lithospheric mantle and the crystalline crust is controlled by the depth of the thermal LAB, the thickness distribution of the radiogenic crust and contrast in thermal conductivities between crystalline and sedimentary rocks. For the Molasse Basin and the adjacent Alpine orogen, this results in shallow hotter temperature where thick sedimentary rocks cover the crystalline crust (Alpine Body and Molasse Basin) and colder shallower temperatures where the crystalline crust is exposed (Tauern Body). This related chimney effect can have a significant lateral influence in response to 3D heat transport and cause local negative anomalies in neighbouring domains (e.g. southeast of Munich). Together with the topographic effect, the chimney and blanketing effects control the regional-scale temperature distribution in the sedimentary part of the model.
Using a conductive approach, this study was able to reproduce the measured present-day thermal field in the shallow part of the Molasse Basin area to a certain degree. Though the predicted temperatures are in average a few degrees too hot, the predicted temperature trend matches the observed temperature pattern shown by GeotIS. The respective reproduced positive and negative thermal anomalies show that this temperature pattern is caused by the structural configuration of geological units and related contrasts in thermal properties. In particular, sensitivity studies have shown that considering the configuration of the crystalline crust and the Tauern Body as well as the Alpine Body is of high significance for the regional thermal field. Lateral variations in the structure and the lateral heterogeneity of thermo-physical properties of the Molasse Sediments and the Mesozoic and Triassic sediments have an additional influence on the temperatures at shallow depth.
The misfit between the measured and calculated temperatures in the sediments is interpreted to be caused by additional advective and convective heat transport, mechanisms not considered in this study. To test if fluid flow related cooling is as significant for the creating of the thermal anomalies as the structural configuration, coupled fluid and heat transport simulations are required. The conductive model of this study may suit as a starting point and provide lower thermal boundary conditions for the deeper, conductive dominated parts of such coupled simulations.
